
PRESSURE EFFECT ON PRODUCT SELECTIVlTIES .IN THE PYROLYSIS 
OF METHANE I N  AN ARC-PLASMA HEATER 

C. Hirayama 
M. G. Fey 
F. E. Camp 

Wes tinghouse Research Laborator ies  
P i t t s b u r g h ,  Pennsylvania 15235 

INTRODUCTION 

There have been a number of  e l e c t r i c  a r c  processes  repor ted  f o r  t h e  
conversion of  hydrocarbons t o  ace ty lene  and a s s o c i a t e d  products .  To da te ,  only 
two o f  t h e s e  processes have been adapted t o  commercial scale product ion o f  
acetylene.  
hydrocarbon feed s t o c k  i n  a d i r e c t  cur ren t  arc. 
h e a t e r  i n  a s w i r l i n g  p a t t e r n  so as t o  a i d  i n  r o t a t i n g  t h e  a r c .  
carbon was a l s o  i n j e c t e d  downstream of  t h e  h e a t e r  nozzle  as t h e  i n i t i a l  quench. 
More r e c e n t l y ,  the feed  s t o c k  hydrocarbon has  been i n j e c t e d  i n t o  a hot  hydrogen 
plasma2 i n  order  t o  reduce t h e  carbon content  i n  t h e  product .  2) The DuPont 
process3 (present ly  not  i n  use4) u t i l i z e d  a direct  cur ren t  a r c  s i m i l a r  t o  Huels' ,  
b u t  w i t h  a magnetic r o t a t i o n  of t h e  arc. In t h i s  process ,  t h e  plenum was 
maintained below atmospheric  pressure .  The Huels process ,  a l though not so 
s t a t e d  i n  t h e  publ ished l i t e r a t u r e ,  presumably cracked t h e  hydrocarbon a t  
atmospheric ( o r  h igher )  pressure .  Unless t h e r e  i s  use f o r  t h e  carbon from 
these  p y r o l y s i s  processes ,  i t  is imperat ive t h a t  t h e  s o o t  content  i n  t h e  product 
b e  minimized. 

1 )  The o r i g i n a l  Huels flaming-arc process1 i n  Germany pyrolyzed a 
The gas was introduced i n t o  t h e  

A heavy hydro- 

F o r  most p r a c t i c a l  p l a n t  p r a c t i c e ,  i t  i s  d e s i r a b l e  t h a t  t h e  pressure  of t h e  
product gas from t h e  h e a t e r  be as high as poss ib le .  This  would minimize t h e  
compression necessary f o r  e f f i c i e n t  absorp t ion  of  ace ty lene  from t h e  cracked gas 
i n  t h e  s e p a r a t i o n  p l a n t .  
chamber tends t o  y i e l d  h i g h e r  carbon; conversely,  lower p r e s s u r e  reduces t h e  
carbon y i e l d .  For example, t h e  DuPont process ,  which repor ted ly  operated a t  
400 torr  i n  t h e  plenum, y i e l d e d  only about t h r e e  percent  of carbon, whereas the  
ear l ier  Huels process  y i e l d e d  approximately twenty percent  carbon. 

It is known t h a t  h igher  pressure  i n  t h e  c racking  

We here  report  t h e  e f f e c t  on ace ty lene  s e l e c t i v i t y  of  p r e s s u r e s  between 
one a n d  seven atmospheres i n  t h e  e l e c t r i c - a r c  h e a t e r  r e a c t i o n  chamber when 
methane is pyrolyzed. 

EXPERIMENTAL 

5 The e l e c t r i c - a r c  h e a t e r  of 3000 k i l o w a t t s  has  been descsibed previous ly .  
However, f o r  the  present  experiments, t h e  h e a t e r  w a s  opera ted  i n  t h e  s e l f -  
s t a b i l i z i n g ,  high-flow mode on a.c. power, as descr ibed by Fey.6 S u f f i c e  i t  
t o  r e p o r t  h e r e  t h a t  t h e  chemical d a t a  obtained on t h e  present  a r c  h e a t e r  and 
t h a t  r e p o r t e d  by Fey a r e  similar. 

T e s t  Condi t ions 

.Methane of C.P. grade (98.6% CH4, 0.2% C H 1.1% N2, 0.1% 02) was d e l i v e r e d  
t o  t h e  h e a t e r  from a p r e s s u r i z e d  tube-trai ler :  gAd was metered through a c r i t i c a l  
flow o r i f i c e .  
r e s i d e n c e  volume of t h e  h e a t e r  chamber w a s  0.6 f r .3 .  

The gas w a s  in t roduced to  t h e  h e a t e r  a t  room temperature. The 
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5 
The gas samples  a t  t h e  h e a t e r  nozzle  were c o l l e c t e d  as previous ly  descr ibed 

wi th  a water cooled copper probe of  1/8 inch i . d .  
p a r t  /I51383 f i b e r  f i l t e r  f i t t e d  i n t o  a g lass  v e s s e l )  was i n s e r t e d  before  t h e  
sample manifold. 

A carbon f i l t e r  (Puro la tor  

The chemical ana lyses  of t h e  product gas  were obta ined  by mass 
) spectrometry. 

During a run, t h e  power l e v e l  was var ied  over s e v e r a l  s t e p s  by changing t h e  
gas flow r a t e  and/or by changing t h e  a r c  power. A product gas sample a t  each 
s t e p  was c o l l e c t e d  a f t e r  t h e  d e s i r e d  a r c  power l e v e l  became s t .ab i l ized .  The 
e l e c t r i c a l ,  flow and pressure  d a t a  were cont inuously recorded on a Honeywell 
Model 1612 v i s i c o r d e r .  

The pressure  i n  t h e  a r c  chamber was  c o n t r o l l e d  by an 8" long  c y l i n d r i c a l  1 ' 
I r a t e .  The o r i f i c e  diameter v a r i e d  from 1.06 t o  3.00 inches .  The h e a t e r  chamber 

g r a p h i t e  i n s e r t  f i t t e d  i n t o  t h e  h e a t e r  nozzle .  D i f f e r e n t  p r e s s u r e  l e v e l s  were 
obtained by i n s e r t s  of d i f f e r e n t  o r i f i c e  diameters  and by vary ing  t h e  gas flow 

pressure  w a s  measured by i n s e r t i n g  a c a l i b r a t e d  t ransducer  i n t o  t h e  end-plug of 
t h e  hea ter .  

RESULTS 

Table I summarizes t y p i c a l  opera t iona l  c h a r a c t e r i s t i c s  of  the a r c  h e a t e r .  ' The arc power l e v e l  v a r i e d  from 1 t o  2 .5  megawatts, with a thermal e f f i c i e n c y  
approaching 90%. The methane mass flow rate was a s  high as 0.78 l b s / s e c ,  and 
the  enthalpy of  t h e  gas  varied from approximately 1300 t o  4000 Btu/ lb .  
p r e s s u r e  i n  the  h e a t e r  chamber v a r i e d  from atmospheric  t o  87.9 p s i g .  

The 

I Table I1 summarizes the  molar composition of  t h e  product a t  condi t ions  
corresponding t o  t h e  opera t ions  shown i n  Table I. 
made on t h e  b a s i s  of t h e  C/H r a t i o s  o f  t h e  feed  and of t h e  product  gas. 
r e s u l t s  i n  Table  I1 are s l i g h t l y  i n  error s i n c e  a smal l  amount o f  t h e  product 
was  adsorbed on t h e  t rapped carbon i n  the f i l t e r .  This w a s  evidenced by an 
aromatic  odor of t h e  carbon sample. However, t h i s  e r r o r  i s  less than f i v e  
percent ,  as shown by a s e p a r a t e  test i n  which t h e  feed  gas  was doped wi th  2% 
argon as a m a t e r i a l  ba lance  probe. 

The material ba lance  w a s  
The 

The concentrat ion o f  ace ty lene ,  C, i n  t h e  product w a s  f i t t e d  t o  var ious  
/ func t ions ,  f(P/H), where P i s  t h e  h e a t e r  chamber pressure  i n  atmospheres, and H 

t h e  enthalpy,  i n  Btu/ lb ,  i n t o  t h e  feed s tock.  The b e s t  l i n e a r  c o r r e l a t i o n  
obtained w a s  of t h e  form log  C = A - B m ,  where A and B are cons tan ts .  
shows the p l o t  f o r  a l l  of  t h e  d a t a .  
high a. 

Figure 1 
The s c a t t e r  i n  t h e  d a t a  was g r e a t e r  a t  

Table 111 shows t h e  o v e r a l l  conversion (percent  r e a c t i o n )  o f  t h e  methane i n  
t h e  f i r s t  column. A s  shown i n  Figure 2 f o r  a l l  of t h e  c o l l e c t e d  d a t a  a t  atmos-  
pher ic  and f o r  higher  pressures  i n  this experiment, t h e  conversion i n c r e a s e s  
almost l i n e a r l y  with the  enthalpy. 

'\ 

Table I11 a l s o  shows the  carbon m a t e r i a l  ba lance  i n  columns 2 t o  10. Note 
The last  column i n  t h i s  t h e  r e l a t i v e l y  l a r g e  amount of methane i n  t h e  product. 

t a b l e  shows t h e  s p e c i f i c  energy requirement (SER) f o r  ace ty lene  product ion under 
t h e  condi t ions reported here in .  A t  atmospheric pressure ,  runs 1 t o  3 ,  t h e  SER 
remains approximately cons tan t ,  around 4.0 kwh/lb C H , a t  e n t h a l p i e s  of  2100 t o  
3650 Btu/ lb .  
5 kwh/lb C2H2. 

A t  p ressures  between 4 and 22 p s i g  t h z  2SER's a r e  below 
The ace ty lene  c o n c e n t r a t i o n s ' i n  t h e s e  i n s t a n c e s  ( runs 4 t o  8 ) ,  
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Fig. 1 -Prcduct acetylene concentration as a function d fl/H 
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Fig. 2 -Conversion of methane as a function d enthalpy 
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however, are low because of  t h e  l o w  e n t h a l p i e s .  A t  h igher  pressures ,  t h e  SER 
increases  as a r e s u l t  of  i n c r e a s i n g  carbon y i e l d .  

Table I V  shows t y p i c a l  s e l e c t i v i t y  ( y i e l d )  values ,  arranged i n  t h e  order  of  
i n c r e a s i n g  pressure  i n  the h e a t e r  chamber. 
Table  I11 by dividing t h e  r e s p e c t i v e  q u a n t i t i e s  i n  columns 3 t o  1 0  by t h e  quant i ty  
i n  t h e  f i r s t  column. 
are h igher  than c a l c u l a t e d  on t h e  b a s i s  of t h e  C/H r a t i o  ( see  below)). 
3 show t h e  e f f e c t  o f  i n c r e a s i n g  temperature on t h e  s e l e c t i v i t i e s  at atmospheric 
pressure.  
temperature  increases .  As t h e  pressure  increases ,  t h e r e  i s  a t r e n d  toward 
decreasing ace ty lene  and d iace ty lene ,  whi le  t h e  ethylene,  benzene and carbon 
y i e l d s  tend t o  increase .  The methylacetylene y i e l d  remains near ly  cons tan t  w i t h  
pressure.  Figure 3 shows t h e  c o r r e l a t i o n s  between t h e  ace ty lene  and carbon 
s e l e c t i v i t i e s  with pressure.  
in t h i s  f i g u r e .  The scatter of t h e  d a t a  p o i n t s  a r i s e s  i n  p a r t  from t h e  v a r i a t i o n  
o f  enthalpy encountered i n  these runs. 
w i t h  a linear c o r r e l a t i o n ,  S = 79 - 0.44 P, where S is t h e  s e l e c t i v i t y  ( i n  mole 
percent )  and P the a b s o l u t e  p r e s s u r e  ( p s i a ) .  The carbon s e l e c t i v i t y  is a non- 
l i n e a r  func t ion  of t h e  pressure .  

DISCUSS ION 

(These va lues  are obtained from 

The selectivities are a c t u a l l y  low s i n c e  t h e  conversions 
Runs 1 t o  

There is a s i g n i f i c a n t  increase  i n  carbon y i e l d  as the pyro lys is  

Note t h a t  t h e  p r e s s u r e  has  been cor rec ted  to  p s i a  

The ace ty lene  s e l e c t i v i t y  is b e s t  f i t t e d  

In an e l e c t r i c  arc process ,  t h e  ace ty lene  i s  formed from the hydrocarbon 
pr imar i ly  a t  t h e  high temperature  around t h e  arc column. The product is then 
r a p i d l y  quenched as i t  mixes w i t h  more feed gas. A t  t h e  high flow rates 
repor ted  here ,  the ace ty lene  is more o r  less f rozen  a s  i t  is swept out  of t h e  
h e a t e r .  Within t h e  h e a t e r  chamber, however, t h e  ace ty lene  could polymerize. In 
t h e  h e a t e r ,  there  are r e g i o n s  of very high temperature  where l o c a l  thermodynamic 
equi l ibr ium exis t s .  Consequently, s o l i d  carbon w i l l  always be a product. It is 
w e l l  t o  remember, however, that cracking o f  a gas in an electric arc h e a t e r  i s  
considerably more complicated than t h a t  i n  an i so thermal  system a t  t h e  same 
enthalpy. There i s  cons iderable  l o c a l  temperature inhomogeneity i n  an e l e c t r i c  
arc system. 

The conversion of methane t o  ace ty lene  and to  u l t i m a t e  products is genera l ly  
be l ieved  t o  follow a path7: 

CH4 -+ kl C2B6 -f k2 C2H4 + k3 C2H2 t4 polymers +. carbon. 

The r a t i o  of  [C2H6] to  [CH4] is very small, because of t h e  l a r g e  k2, so t h a t  
e thane  is o f t e n  not  d e t e c t e d  i n  t h e  p y r o l y s i s  product from methane. 
i s  converted t o  ace ty lene  by a monomolecular process  whereas t h e  ace ty lene  i s  
polymerized t o  its product  by a bimolecular  process .g  One of  the polymerization 
products  o f  acetylene i s  d iace ty lene ,  which decomposes i n  a manner very s i m i l a r  
t o  acety1ene.l '  
carbon. 

The e thylene  

The d i a c e t y l e n e  f u r t h e r  polymerizes t o  u l t imate ly  y i e l d  
A t  temperatures above 1000°C, a l l  of  t h e s e  r e a c t i o n s  are very rapid.  

It is not  s u r p r i s i n g  t h a t  both t h e  ace ty lene  and d iace ty lene  s e l e c t i v i t i e s  
decrease wi th  increas ing  p r e s s u r e  s i n c e  t h e  decompositions of  b o t h  compounds 
are s i m i l a r  bimolecular processes  whose r a t e s  of  r e a c t i o n  vary as t h e  square  of 
t h e  p r e s s u r e . l l  It is apparent  from t h e  d a t a  i n  Table  I V  t h a t  t h e  ace ty lene  
decomposition is much more s e n s i t i v e  t o  increas ing  pressure  than i s  t h e  mono- 
molecular reac t ion  by which t h e  ace ty lene  is  formed from ethylene.  
r e a c t i o n  ra te  v a r i e s  on ly  as t h e  f i r s t  power of  t h e  pressure.  

The latter 
The i n c r e a s e  i n  
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Fig. 3 -Acetylene and carbon selectivity as function 
of chamber pressure 



carbon y i e l d  with pressure i s  t o  be  expected s i n c e  t h i s  is t h e  u l t i m a t e  
decomposition product from acetylene,  and t h e r e  is  a s i g n i f i c a n t  decrease i n  t h e  
C H w i t h  pressure.  The increase  i n  benzene y i e l d  w i t h  pressure  is  c o n s i s t e n t  
w ? t &  t h e  mechanism suggested by C u l l i s  and Frankl in12 f o r  t h e  formation Of t h i s  
spec ies .  
ment with t h e  k i n e t i c  results reported by t h e  above authors .  

A l l  of the  v a r i a t i o n s  i n  y i e l d  with p r e s s u r e  are i n  q u a l i t a t i v e  agree- 

The r e l a t i o n s h i p  between t h e  ace ty lene  concentrat ion and t h e  enthalpy,  as 
shown i n  Figure 1, is  c o n s i s t e n t  w i t h  t h e  Arrhenius law. However, t h e  exac t  
s i g n i f i c a n c e  of the  c o r r e l a t i o n  between t h e  ace ty lene  concentrat ion and fi is not 
known. 
t i o n  of ace ty lene  a t  increas ing  pressures  i s  obviously complex. 
the  t rend  of decreasing acetylene wi th  increasing, pressure  is i n  q u a l i t a t i v e  
agreement wi th  t h e  k i n e t i c s  of ace ty lene  decomposition. 

The k i n e t i c s  of t h e  competing r e a c t i o n s  f o r  t h e  formation and decomposi- 
Nevertheless ,  

Methane is one of t h e  decomposition products  o f  ace ty lene  10'12 and can 
become a s i g n i f i c a n t  product. 
t h a t  c a l c u l a t e d  from t h e  C/H r a t i o .  
ace ty lene  s e l e c t i v i t y  does t h e  cont r ibu t ion  of regenerated methane become 
s i g n i f i c a n t  i n  t h e  o v e r a l l  product concentrat ions.  Unfortunately,  t h e  exac t  
amount of  regenerated methane i s  not  known, so  t h a t  t h e  o v e r a l l  conversion cannot 
be cor rec ted .  

Therefore, t h e  a c t u a l  conversion i s  h i g h e r  than 
Espec ia l ly  at high pressure  and low 

For a v i a b l e  acetylene process  i t  is apparent  t h a t  the p r e s s u r e  i n  t h e  

On t h e  o t h e r  hand, i f  t h e  carbon content  
r e a c t i o n  zone should be as low as p r a c t i c a l  i n  order  t o  increase t h e  C H y i e l d  2 2  
and t o  decrease t h e  s o o t  content. 
can be economically reduced, f o r  example by downstream i n j e c t i o n  of steam 
without  s e r i o u s l y  a f f e c t i n g  t h e  ace ty lene  y i e l d  o r  by absorpt ion i n  heavy o i l ,  
operat ion around atmospheric pressure  would y i e l d  ace ty lene  a t  about  
4 kwh/lb C H Should t h e  carbon be a des i red  by-product, t h i s  e l e c t r i c  arc 
process  wo6d'become a t t r a c t i v e .  

CONCLUSION 

The ace ty lene  s e l e c t i v i t y  from t h e  electric arc p y r o l y s i s  o f  methane 
decreases  l i n e a r l y  with pressure.  Consequently, t h e  carbon y i e l d  is increased  
s i g n i f i c a n t l y  as t h e  pressure  increases  above one atmosphere. 
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